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Edited by Stuart FergusonAbstract Certain starch hydrolases possess secondary carbohy-
drate binding sites outside of the active site, suggesting that mul-
ti-site substrate interactions are functionally signiﬁcant. In
barley a-amylase both Tyr380, situated on a remote non-catalytic
domain, and Tyr105 in subsite 6 of the active site cleft are prin-
cipal carbohydrate binding residues. The dual active site/second-
ary site mutants Y105A/Y380A and Y105A/Y380M show that
each of Tyr380 and Tyr105 is important, albeit not essential for
binding, degradation, and multiple attack on polysaccharides,
while Tyr105 predominates in oligosaccharide hydrolysis. Addi-
tional delicate structure/function relationships of the secondary
site are uncovered using Y380A/H395A, Y380A, and H395A
AMY1 mutants.
 2008 Federation of European Biochemical Societies. Pub-
lished by Elsevier B.V. All rights reserved.
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Crystallography1. Introduction
a-Amylases of glycoside hydrolase family 13 (GH13; http://
www.cazy.org/) hydrolyse internal 1,4-a-D-glucosidic linkages
in starch and related carbohydrates. In barley a-amylase 1
(AMY1) two secondary sugar binding sites [1,2] are proposed
to be important for the enzymatic function. One of these sites,
called ‘‘a pair of sugar tongs’’, is situated on the surface of the
non-catalytic C-terminal domain about 40 A˚ from the active
site [1–3]. To look deeper into the importance of multi-site sub-
strate interactions, dual site AMY1 mutants comprising this
site and the active site are examined. Individual replacement
of Tyr380 at the ‘‘sugar tongs’’ by alanine weakened the aﬃnity
for starch granules importantly and destroyed oligosaccharideAbbreviations: AMY1, barley a-amylase 1; b-CD, b-cyclodextrin; Cl-
pNP-G7, 2-chloro-4-nitrophenyl b-D-maltoheptaoside; DMA, degree
of multiple attack; GH13, glycoside hydrolase family 13; iBS, insoluble
Blue Starch; RU, response units; SBD, starch binding domain; SPR,
surface plasmon resonance
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doi:10.1016/j.febslet.2008.06.027binding as seen in the crystal structure [3]. Similarly, mutation
of Tyr105 at subsite 6, i.e. the subsite of the active site cleft
with highest binding energy for a substrate glucose moiety, re-
duced the substrate binding energy of this subsite from 12.6 to
5.8 kJ/mol as well as the activity (kcat/Km) for amylose and
maltoheptaoside by 90% and >99%, respectively, whereas
the activity towards insoluble Blue Starch (iBS) increased to
138% [4,5]. Furthermore, the Y105A and Y380A mutants dif-
fered by enhancing and reducing, respectively, the degree of
multiple attack (DMA) in amylose degradation [3,6]. Carbohy-
drate binding to domain C was reported in crystal structures of
a few other a-amylases without being further investigated [7,8].
The present joint analysis of the ‘‘sugar tongs’’ surface binding
site and the active site in AMY1 provides insights into the
intriguing enzyme-polysaccharide multi-site interactions.2. Materials and methods
2.1. Strains, plasmids, and site-directed mutagenesis
Escherichia coli DH5a and XL10-Gold ultracompetent cells were
used for cloning [9]. pPICZA-AMY1 and -mutants were expressed in
Pichia pastoris X-33 (Invitrogen) [10,11]. pPICZA-Y380A and
-Y380M [3] are in-house stocks; -Y105A/Y380A and -Y105A/Y380M
were constructed (QuikChange XL site-directed mutagenesis kit;
Stratagene) using Y105A-sense 5 0-GATAGCCGCGGCATCGCTTG-
CATCTTCGAGGGC-30 (mutant codon underlined) and antisense
primer 5 0-GCCCTCGAAGATGCAAGCGATGCCGCGGCTATC-
3 0 and as template pPICZA-Y380A or -Y380M. pPICZA-H395A
and -Y380A/H395A (Expand High Fidelity PCR System, Roche) were
made using H395A + KpnI, 5 0-TTTGGTACCTCAGTTCTTCTC-
CCAGACGGCGTAGTCGTTGCCAGCTGCCGAGG-3 0 (antisense
primer) and 5 0 AOX1 sequencing (sense) primer 5 0-GACTGGTTCC-
AATTGACAAGC-3 0 with pPICZA-AMY1 or -Y380A as template.
Ampliﬁed fragments (1350 kb) were puriﬁed (QIAquick Gel Extrac-
tion Kit, Qiagen), digested (EcoRI + KpnI), and subcloned in pPICZA-
AMY1. Following plasmid propagation, puriﬁcation and sequencing
[3] P. pastoris was transformed with PmeI linearized plasmids by elec-
troporation [11], selected on YPDS, and screened for a-amylase secre-
tion on MM-starch plates [10].2.2. Protein production [3,10]
Transformants were grown (0.4 L) using BMM (100 mM K-phos-
phate, pH 6.0, 1% casamino acids, 1.34% YNB, 4 lg/mL biotin,
0.5% methanol) for induction (24 h, 30 C). Culture supernatants were
concentrated, dialysed (10 mM HEPES, pH 7.0, 1 mM CaCl2) and
puriﬁed on 6 mL Resource Q (A¨KTAexplorer, GE Healthcare;
Y105A/Y380A, Y105A/Y380M, Y380A/H395A) or b-CD-Sepharose
(H395A). Eluate with activity towards iBS was stored after concentra-
tion.blished by Elsevier B.V. All rights reserved.
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iBS (customer preparation, Pharmacia) 6.25 mg/mL (buﬀer A:
20 mM Na-acetate, pH 5.5, 5 mM CaCl2, 0.005% (w/v) BSA
(800 lL)) was incubated (15 min) with 1-12 nM enzyme at 37 C as de-
scribed; one enzyme unit gives DOD620nm = 1 [3,10]. Amylose DP440
(potato type III, Sigma; 10 concentrations 0.1–2.5 mg/mL) in buﬀer
A, 4% (v/v) DMSO was added to enzyme (0.8–1.6 nM) and reducing
sugar was analyzed (copper-bicinchoninate) [3,10]. kcat and Km were
obtained by ﬁtting initial rates to the Michaelis-Menten equation
(GraphPad Prism vs. 3.02, GraphPad Software, San Diego, CA).
2-Chloro-4-nitrophenyl b-D-maltoheptaoside (Cl-pNP-G7) (Sigma; 8
concentrations 0.25–10 mM) in 50 mM Na-phosphate, pH 6.8,
50 mMKCl, 0.005% (w/v) BSA, 0.02% (w/v) NaN3, 170 U/mL Saccha-
romyces cerevisiae maltase, 5 U/mL almond b-glucosidase (both Sig-
ma) was added to the enzymes (25–60 nM) and initial rates were
measured at 30 C [3] to calculate kcat and Km. DMA was determined
(Eq. (1)) at 0.1–0.8 nM enzyme and 1 mg/mL amylose DP440 (buﬀer A
without BSA, 2% (v/v) DMSO) [6]; RVt and RVp being initial rates of
total and ethanol-insoluble reducing sugar release, respectively
DMA ¼ RV t
RV p
 1 ð1Þ2.4. Starch granule binding
Enzyme (5–10 nM) and barley starch granules (Primalco, Finland)
at 14 concentrations (0.1–40 mg/mL for wild-type enzyme level and
0.5–100 mg/mL for low aﬃnity) were incubated (buﬀer A) for 30 min
at 4 C, centrifuged and the unbound enzyme was quantiﬁed from
the activity (iBS) [3]. Kd was obtained by ﬁtting to the Langmuir
adsorption isotherm (Eq. (2)); b = bound enzyme; [S] = starch granule
concentration; Bmax = maximum binding capacity
b ¼ Bmax½S
Kd þ ½S ð2Þ2.5. b-CD binding
Surface plasmon resonance (SPR) (BIAcore 3000; GE Healthcare,
Uppsala, Sweden) sensorgrams (response units (RU) vs. time) of bind-
ing 15 lM–7 mM b-CD (12 concentrations) to biotinylated enzyme
(2000–3000 RU on streptavidin-chip) [3,12] were recorded and Kd
was calculated by steady-state aﬃnity ﬁtting (BIAevaluation 3.1 soft-
ware) of the response R (Eq. (3)) after subtracting the reference ﬂow
cell signal. Rmax = maximum binding capacity
R ¼ Rmax  ½b CD½b CD þ Kd ð3Þ2.6. Crystallization and structure determination
AMY1 Y105A/Y380A and H395A were crystallized and acarbose
was soaked into the crystals (Supplementary data) [3,13]. Cryo-protec-
tion (10% w/v ethylene glycol), data collection (European Synchrotron
Radiation Facility, Grenoble), data reduction and scaling (CCP4 and
XDS packages; [14]) were as reported [3]. Structures were solved
by molecular replacement using the 1.5 A˚ AMY1 structure (PDB:
1HT6) as search model [1] and data in the resolution range 15–3.5 A˚
(CNS software [15]). Reﬁnements (CNS software [15]) alternated with
visual electron density map examination and manual model building
(software TURBO-FRODO [16]). R-free [17] was calculated from a
randomly selected test set of 5% of all reﬂections. Data collection
and reﬁnement statistics are summarized (Supplementary data).3. Results and discussion
3.1. Choice of mutants
AMY1 accommodates oligosaccharides at two secondary
sites in addition to the active site (Fig. 1A; [1,2]). The func-
tional connection between Tyr105 (Fig. 1B), which determines
the high aﬃnity at subsite 6 of the active site cleft [4], and
Tyr380, the key binding residue [1–3] in the remote ‘‘sugar
tongs’’ site located in the C-terminal domain (Fig. 1C), isexplored by aid of the dual active site/surface site AMY1 mu-
tants Y105A/Y380A and Y105A/Y380M. Furthermore, the
mutant series Y380A/H395A, Y380A, and H395A speciﬁcally
addresses the structure/function relationship of the ‘‘sugar
tongs’’ site.3.2. Enzymatic properties
Replacement of Tyr105 or Tyr380 moderately altered the
activity towards iBS and Y105A/Y380A and Y105A/Y380M
AMY1 lost 18–36% activity relative to wild-type (Table 1).
These results revealed both a slight domination of Tyr380 over
Tyr105 and partially compensation of the 43% activity gain ob-
tained for Y105A AMY1, and the 29–50% decrease in activity
of the single mutants Y380M and Y380A. In comparison,
activity towards the soluble polysaccharide amylose was more
dependent on Tyr105 at subsite 6, as kcat/Km decreased 10- to
25-fold for all Y105A-containing variants (Table 1), in accor-
dance with 10-fold increased Km of Y105A and small kcat/Km
reductions of Y380A and Y380M relative to wild-type
AMY1. Finally, for the maltoheptaoside (Cl-pNP-G7) all
Y105A-containing variants had very low activity as expected
(Table 1) [4,5]. Mutation only at the ‘‘sugar tongs’’ slightly re-
duced kcat/Km for this short substrate, which together with the
lack of sugar binding to this site in crystal structures of Y380A
[3] and Y105A/Y380A AMY1 (not shown; Supplementary
data) may support the hypothesis that the ‘‘sugar tongs’’ con-
stitute the earlier identiﬁed secondary oligosaccharide binding
site involved in allosteric activation of AMY1 [18]. A possible
explanation for Y380A/H395A being more active on iBS and
amylose than Y380A and H395A AMY1, respectively, is that
the binding of a-glucan chains of these substrates to the ‘‘sugar
tongs’’ site imposes sterical constraints in the single mutants
which are abolished in the double mutant. This may allow a
more favourable polysaccharide-associated sugar binding
mode similarly to what was previously demonstrated for the
alanine substitution of Tyr105 in Y105A AMY1 wherein two
distinct computed multiple docking solutions were observed
for maltododecaose at the outer binding area of AMY1 be-
yond subsite 3. The kinetic properties of Y105A AMY1
are linked with a shift in binding mode from the ﬁrst solution,
which showed to be very important in transition state stabiliza-
tion of maltooligosaccharides and amylose, to the second that
was more preferable for insoluble starch [4].3.3. Multiple attack
Wild-type AMY1 hydrolyse the polysaccharide amylose
with a DMA of 1.8; i.e. on average, 2.8 glycoside bonds are
cleaved in the multiple attack mechanism-by each enzyme-sub-
strate encounter [6]. Noticeably Tyr380 has a dominant role in
multiple attack over Tyr105 as Y105A/Y380A and Y105A/
Y380M – similarly to Y380A – both decreased the DMA to
around 1 (Table 2) [3], whereas Y105A AMY1 increased the
DMA to 3.3 [6]. Also the ‘‘sugar tongs’’ double mutant
Y380A/H395A had reduced DMA, whereas in H395A
AMY1, Tyr380 can still assist in the multiple attack mecha-
nism. The results support that Tyr380 is critical in a secondary
amylose binding site proposed earlier to play a role in multiple
attack by AMY1 [6]. The loss in DMA of the Y380A-contain-
ing variants resembles a dramatic loss of DMA reported for
Thermomonospora fusca cellulase E4 after removal of two cel-
lulose binding domains [19]. Remarkably, fusion of a starch
Fig. 1. (A) Surface representation of D180A AMY1/maltoheptaose (PDB 1RP8; [2]). Residues mutated in the present study are highlighted. The
ﬁgure was rendered using PyMOL (http://www.delanoscientiﬁc.com). Domain A is the catalytic- and Domain C the C-terminal domain. (B) Close-up
of maltoheptaose bound at subsites 7 to 1. (C) Close-up of the ‘‘sugar tongs’’ showing ﬁve rings of maltoheptaose.
Table 1
Enzymatic properties of AMY1 mutants on three substrates: iBS, amylose DP440, and Cl-pNP-G7
AMY1 iBS (U mg1) Amylose DP440 Cl-pNP-G7
kcat (s
1) Km (mg mL
1) kcat/Km (s
1 mg1 mL) kcat (s
1) Km (mM) kcat/Km (s
1 mM1)
Wild-type 2800 169 ± 8c 0.13 ± 0.01 1300 36 ± 3 0.7 ± 0.1 48
Y105A/Y380A 2300 61 ± 3 1.2 ± 0.1 51 < 10 > 10 –
Y105A/Y380M 1800 56 ± 3 1.0 ± 0.1 56 < 10 > 10 –
H395A 2300 75 ± 3 0.19 ± 0.03 394 21 ± 3 0.91 ± 0.09 23
Y380A/H395A 3200 163 ± 5 0.30 ± 0.03 543 35 ± 2 1.40 ± 0.03 25
Y380Aa 1400 95 ± 15 0.36 ± 0.02 264 19 ± 0.6 0.67 ± 0.05 28
Y380Ma 2000 149 ± 44 0.35 ± 0.08 425 34 ± 0.8 0.87 ± 0.03 39
Y105Ab 4000 178 ± 12 1.4 ± 0.1 132 <10 >10 –
aRef. [3].
bRef. [6].
cStandard deviation calculated from triplicate experiments.
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DMA to 3.0 [20].
3.4. b-Cyclodextrin and starch granule binding
While starch granules are a natural substrate for AMY1, a
small starch mimic b-cyclodextrin (b-CD) [21,22] that occupies
only the ‘‘sugar tongs’’ site in AMY1 crystal structures (Tra-
nier, Aghajari, Haser, Mori, Svensson, unpublished) is used
to monitor eﬀects of the structural changes using SPR analysis.
Y380A, Y105A/Y380A, and Y105A/Y380M AMY1 had 10-
fold lower aﬃnity for b-CD than Y105A and wild-typeAMY1 (Table 3; Supplementary Fig. 1). Noticeably, Y380A/
H395A and H395A caused only 4-fold- and no loss in b-CD
aﬃnity, respectively (see Section 3.5). Tyr380 was also clearly
essential in the adsorption onto barley starch granules as Kd
increased about 20-fold for Y105A/Y380A and Y105A/
Y380M and 9-fold for Y380A, but only 3-fold for Y105A.
The dual site mutation indicated a synergism for the two sites
in the starch granule binding (Table 3; Supplementary Fig. 2),
while the eﬀect of single and the double Y380A/H395A ‘‘sugar
tongs’’ mutants indicated cumulative binding contribution of
Tyr380 and His395 (Table 3).
Table 2





e (s1) DMA RV tRV p  1
Wild-type 108 ± 13 38 ± 4 67 ± 9 1.8 ± 0.2
Y105A/Y380A 17 ± 3 8 ± 1 9 ± 1 1.2 ± 0.1
Y105A/Y380M 30 ± 2 16 ± 2 14 ± 2 0.9 ± 0.2
H395A 51 ± 6 19 ± 3 32 ± 4 1.7 ± 0.1
Y380A/H395A 123 ± 5 59 ± 6 64 ± 5 1.1 ± 0.2
Y380Aa 53 ± 5 25 ± 5 28 ± 3 1.0 ± 0.2
Y105Ab 103 ± 18 23 ± 3 78 ± 15 3.3 ± 0.6
aRef. [3].
bRef. [6].
cRate of total reducing product formation [essentially matching the
corresponding kcat values (Table 1)].
dRate of ethanol-precipitated reducing product formation.
eRate of ethanol-soluble reducing product formation, calculated as
RVt  RVp.
Table 3
Carbohydrate binding properties of AMY1 mutants
AMY1 b-CD Barley starch granules
Kd (mM) Kd (mg mL
1) Bmax
Wild-type 0.13 ± 0.06 0.64 ± 0.06 0.98 ± 0.02
Y105A/Y380A 1.33 ± 0.28 14 ± 3 0.70 ± 0.01
Y105A/Y380M 1.43 ± 0.13 11 ± 3 0.73 ± 0.04
H395A 0.15 ± 0.01 1.3 ± 0.2 0.98 ± 0.01
Y380A/H395A 0.47 ± 0.12 7.1 ± 0.3 0.77 ± 0.02
Y380Aa 1.40 ± 0.23 5.9 ± 0.5 0.90 ± 0.05
Y380Ma 1.39 ± 0.65 n.d.b n.d.b
Y105A 0.12 ± 0.01 2.1 ± 0.3 0.92 ± 0.02
aRef. [3].
bn.d. = not determined.
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Crystal structures of Y380A [3], Y105A/Y380A, and H395A
AMY1 (not shown; Supplementary data) revealed no confor-
mational change at the ‘‘sugar tongs’’. b-CD is captured by
and wraps around Tyr380 in wild-type AMY1 and is further
guided by stacking onto His395, which forms a kind of wall.
The geometry of the site in the single H395A and Y380A mu-
tants forces b-CD to adopt the same orientation as in wild-type
AMY1, thus loosing about eight protein binding contacts in
Y380A and one in H395A [1,2]. In the Y380A/H395A double
mutant the clearly disrupted and more open ‘‘sugar tongs’’ site
is compatible with an alternative binding mode for b-CD by
charge- and hydrophobic interactions, which are very impor-
tant in this site (see [2] for details). Finally, the lower aﬃnity
for starch granules of Y380A/H395A compared to Y380A
and H395A can be explained by the size of the polysaccharide
molecules imposing geometry constraints on their mode of
binding which requires capture and guiding by Tyr380 and
His395, respectively.4. Conclusion
Tyr380 of the AMY1 ‘‘sugar tongs’’ site shows a more impor-
tant role in activity towards iBS and in multiple attack on
amylose than Tyr105 situated at the substrate binding subsite
with highest aﬃnity in the active site. Binding to starch gran-
ules was controlled by the ‘‘sugar tongs’’ in synergism withTyr105. Mutations in the ‘‘sugar tongs’’ conﬁrmed that His395
maintains the b-CD binding mode, while the more open shape
in the double alanine mutant Y380A/H395A leads to a shift in
the carbohydrate binding mode. The results reﬂect an elusive
structure/function relationship of the surface site like reﬂected
in certain cases of versatile binding carbohydrates modes to
other proteins. The present results moreover put in perspective
the situation for the 80% sequence-identical and structurally
fully superimposable barley a-amylase isozyme AMY2, which
was not seen to bind oligosaccharide at the ‘‘sugar tongs’’,
although both Tyr380 and His395 are conserved [23]. Further
studies on the other AMY1 surface site will contribute to dis-
close versatile roles of secondary binding sites in polysaccha-
ride processing enzymes.
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